Little is known on the effects of biochar on N uptake and amino acid variability in crops such as winter rye and narrow-leafed lupine despite the fact that amino acids are important indicators, for food quality and plant stress. N uptake of both crops showed contrasting results when treated with different biochar fertilizers. Total amino acid contents referred to total nitrogen generally tend to decrease in rye grains in the presence of biochar; whereas lupine seeds were more or less unaffected by biochar combined with mineral fertilizer or compost. In lupine seeds, total amino acid contents significantly increased when biochar was mixed with digestate but decreased when mixed with fermented digestate. Lysine, one of the most limiting amino acids in cereals, reached the recommended value of 4 g kg −1 in rye grain for most biochar fertilizers. In lupine seeds, lysine decreased when biochar had been applied but were still in the recommended range when used as animal feed. Proline, an indicator for plant stress, significantly decreased (− 49%) in rye when 2 Mg biochar ha −1 was added in combination with mineral fertilizer. In contrast, proline increased when biochar was added to organic (digestate and compost) fertilizers (up to 43%). Further biochar research should focus much more on food quality, which is a key challenge for global food production.
Introduction
In search of solutions for sustainable agricultural practices, attention in recent years focused on biochar, a carbon-rich biomass carbonization product. Meanwhile, almost 6000 articles with biochar in the title are listed in the ISI Web of Science database especially dealing, with physical and chemical properties, and its effects on soil fertility and soil microbiology, its ability to sequester carbon in the long term or to increase crop yield, little is known about the interaction of biochar combined with mineral or organic fertilizers and its impact on amino acid composition in plants. Amino acids are on the one hand indicators for food/fodder quality but on the other hand crucial for plant metabolic processes (Foyer et al. 2003) . Amino acids play an important role for plants when subjected to stress acting, e.g., as osmolyte, regulation of ion transport, modulating stomatal opening, and detoxification of heavy metals (Rai 2002) . The content and composition of amino acids in plants are affected by environmental conditions (Nikiforova et al. 2006) , and as mentioned above, the studies indicating the effects of biochar on plant biochemical and physiological activities are limited. Besides this, amino acids are important for human and animal diet. In the future, food systems need to be more efficient, and resilient which means using sustainable land with practices as well as producing food with high nutritional content.
As summarized in several reviews and meta-analyses, biochar as soil conditioner showed contradictory results regarding nutrient availability, biochar stability, plant nutrition and yield (Sohi et al. 2009; Atkinson et al. 2010; Biederman and Harpole 2013) . A biochar field experiment under realistic conditions performed by Glaser et al. (2015) also showed inconsistent results regarding the effects of different biochar fertilizer (digestate, fermented digestate, mineral fertilizer and compost) on soil properties and crop yield. The results from this experiment raised the question, whether and to what extent biochar fertilizers affect amino acid patterns and contents as well as N uptake into plant.
In this study, winter rye (Secale cereale) and narrow-leafed lupine (Lupinus angustifolius) were investigated, because both crops are important in northern regions due to their low demands on soil quality and having a high frost tolerance.
Indeed, rye plays only a minor role in global crop production, but in northern countries, rye is a suitable crop due to its robustness and its main cultivation area in Northern Europe. Rye grains contain ~ 54% carbohydrate, ~ 9% protein, ~ 13% fibres and ~ 2% fats and minerals. The high proportion of essential amino acids is especially valuable for human nutrition. In contrast to lupine, rye plays an almost negligible role as grain for animal feed. Lupine is traded as substitute for soy in the north or in other words as alternative protein source to soybeans growing readily on nutrient-poor sandy soils under Central European climatic conditions (Lucas et al. 2015) . Due to their biological N 2 fixation capacity, lupine is an ideal plant for crop rotation, increasing yield and nutrient uptake of subsequent crops (Lizarazo et al. 2015) . Therefore, lupine plays an important role for organic farming in Europe with regard to local and self-produced feed materials. Like other legumes, lupine is rich in protein, minerals, and dietary fibre, and thus a good supplement to animal feed. Narrow-leafed lupine seeds have a crude protein content of ~ 31%, which is only slightly lower than that of soybean (~ 35%). Besides protein, lupine also contains considerable amounts of nutrients, which depend (also like its biological N 2 fixation potential) on the plant varieties and on numerous (micro) climatic variables, soil properties and agronomic management factors (van Kessel and Hartley 2000; Beyer et al. 2015; Bartkiene et al. 2016) .
In this study, we aimed to evaluate the effect of different biochar fertilizers on amino acid variability and nitrogen uptake in winter rye grain and lupine seeds as indicator for nutritional quality. The study was guided by the following research questions:
1. Does the presence of biochar increase the yields of Secale cereale and Lupinus angustifolius? 2. Does biochar favor the nitrogen uptake of Secale cereale and Lupinus angustifolius independent of the fertilizer combined with biochar?
3. Is amino acid variability in Lupinus angustifolius seeds and Secale cereale grains influenced by the presence of biochar?
Materials and methods

Location and weather conditions during the experiment
The field trial is located near Gorleben at 53°01′09.26″N and 11°29′50.04″E19 m above sea level in the Wendland region of Lower Saxony, Germany. The nutrient-poor sandy soil (Table 1) of the field was classified as Stagnic Cambisol resulting from Quaternary dynamics 
Experimental design
The experimental design of the three year large-scale field experiment, established in May 2012, is described in detail in Glaser et al. (2015) . Briefly, the field experiment was laid out in a Latin rectangle (Richter et al. 2009 ) including ten different treatments with five replicates. Each plot had a size of 6 m × 12 m subdivided into a core plot, which is flanked by 2.0-m margins to both ends in lateral direction and 2.5-m margins in longitudinal direction. The core plots are 2 × 7 m in dimension from which all samples were taken. Commercially available mineral fertilizer, biogas digestate from a regional company, biogas digestate inoculated with indigenous microorganisms extracted from adjacent forest soil and on-farm produced compost made from locally available resources were used as fertilizers . These fertilizers were added in controlled quantities to obtain a plant-available fixed N level of 120 kg ha −1 in 0-10 1.2 ± 0.1 5.7 ± 0.5 42 ± 12 7.46 ± 1.14 0.60 ± 0.08 12.1 ± 1.2 39.4 ± 5.9 10-30 1.2 ± 0.1 5.6 ± 0.8 27 ± 8 4.92 ± 1.04 0.40 ± 0.08 11.9 ± 1.9 46.6 ± 7.3 0-30 1.2 ± 0.1 5.6 ± 0.6 34 ± 11 5.85 ± 1.11 0.05 ± 0.07 12.1 ± 1.4 44.2 ± 6.6
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2013 and 36 kg ha −1 in 2014, in accordance with the respective crops. The different fertilizers were added in their pure form (control) or mixed with various amounts of biochar as shown in Table 2 .
Biochar used in 2012 was produced from nutrient-poor ligneous green cuttings in a PYREG™ reactor at ~ 650 °C (PYREG GmbH, Dörth, Germany) with the following properties: pH CaCl 2 8.6, electrical conductivity 1000 µS cm −1 , ash content 12.6%, total carbon content 72%, total nitrogen content 1% and total oxygen content 1.0% . Biochar for the subsequent applications in 2013 and 2014 was produced in the same way. Biochar properties in 2013: pH CaCl 2 is 8.8, electrical conductivity 1010 µS cm −1 , total carbon content 61.2% and total nitrogen content 0.7%. Biochar properties in 2014: pH CaCl 2 is 8.4, electrical conductivity 410 µS cm −1 , total carbon content 51.5% and total nitrogen content 1.4%. High biochar application rates (40 Mg ha −1 ) were chosen due to a study by Liu et al. (2012) , which have shown increasing plant growth with increasing amounts of biochar application with a maximum biochar application of 20 Mg ha −1 . In this field experiment, 40 Mg biochar ha −1 was used to show whether plant growth (yield) can be further improved. In addition, due to the high production costs and market price of biochar, an economically justifiable biochar amount of 1 Mg ha −1 as annually repeating fertilization additive was applied .
Furthermore, the cultivation activities of the experiment were performed in a practically relevant way, so that the experiment generates realistic and practice-oriented results. Thus, cultivation practices, crop rotation and fertilization were not kept fixed.
Hybrid winter rye (Secale cereal, variety BRASETTO, KWS SAAT SE, Einbeck, Germany) was sown directly after maize harvest at the end of September 2012. At the beginning of April 2013, each treatment was fertilized treatment-specific (Table 2 ). Digestate and compost treatments were fertilized each with 840-L biogas digestate (0.51% total N; 0.12% P 2 O 5 ; 0.52% K 2 O; 0.03% MgO; Raiffeisen Warengenossenschaft Jameln eG, Jameln, Germany) mixed with 1.18-L sulfuric acid. Additional 840-L biogas digestate were post-treated through fermentation to fertilize the fermented digestate as well as the biochar 40 fermented digestate treatment. Each mineral fertilizer treatment (Mineral fertilizer, biochar 2 mineral fertilizer and biochar 40 mineral fertilizer) were fertilized with a mixture of 7.20 kg YaraBela ® SULFAN ® (24% N; 6% S) from YARA GmbH & Co. KG (Dülmen, Germany), 4.68 kg urea (46% N) and 2.16 kg ammonium sulfate (21% N, 24% S). During the crop cycle, combinations of plant growth regulators, herbicides and fungicides were applied in appropriate amounts.
A mixture of 13 grasses was sown as catch crops, three weeks after the rye harvesting on 24th July 2013. Catch Digestate and compost treatments were fertilized uniformly with 252-L biogas digestate (0.68% total N; 0.06% P 2 O 5 ; 0.43% K 2 O; 0.03% MgO; Raiffeisen Warengenossenschaft Jameln eG, Jameln, Germany) mixed with 0.37-kg elemental sulfur (90% S). Additional 252-L biogas digestate were post-treated through fermentation for fertilization of the fermented digestate and biochar 40 fermented digestate treatments. Due to the conversion of the cooperating agricultural holding from conventional to organic (biological dynamic) farming in autumn 2013, an organic-biological-based fertilizer was used as substitute for mineral fertilizer for all mineral fertilizer treatments (Mineral fertilizer, Biochar 3 mineral fertilizer and biochar 40 mineral fertilizer). This mineral fertilizer substitute consisted of 2.01-kg KALISOP ® (50% K 2 O and 45% SO 3 ) from K+S Kali GmbH (Kassel, Germany), 0.35-kg Epsom salt (16% MgO; 13% S), 0.4-kg quicklime (90% CaO) and 14.6 L Organic Plant Feed (9% total N, 2% P 2 O 5 , 2% K 2 O) from Plant Health Cure BV (Oisterwijk; The Netherlands). A skimmer was used for fertilizer incorporation, immediately after the application of fertilizers. Narrow-leafed lupine was sown with a spring-tooth harrow. No irrigation or application of herbicide or fungicide was performed during the whole crop cycle. A tined weeder was used as mechanical weed control once during the crop cycle. Harvesting of lupine was on 4th August 2014 (Polifka et al. 2018 ).
Winter rye and lupine sampling and analysis
As part of the winter rye harvest 2013, 2 m 2 subplots within each core plot were marked and all plants were counted, hand-picked and weighted. The same procedure was performed in 2014. Based on the lower sowing rate of lupine, 4 m 2 , subplots within the core plot were harvested in 2014. Total biomass was weighted again after drying at 65 °C in an oven. Seeds were separated from 25 randomly selected plants for counting and weighing. The dried seeds and plant material (straw) of the 25 separated plants were chaffed, homogenized and ground for further analysis.
Total nitrogen contents of plant materials were detected by a Euro EA Elemental Analyzer (Eurovector, Milan, Italy), which was coupled via a Finnigan ConFlo III (Thermo Fisher Scientific, Bremen, Germany) universal interface to an IRMS Finnigan Delta V Advantage IRMS (Thermo Fisher Scientific, Bremen, Germany). Total protein content was calculated according to Schilling and Kerschberger (2000) (Eq. 1):
Amino acid content and composition were determined using the method of Amelung and Zhang (2001) in a modified version. Samples (containing 0.5 mg N) were hydrolysed with 10 mL of 6-M hydrochloric acid (HCl) for 12 h at 105 °C. After hydrolysis, l-norvaline was added as first internal standard and hydrolysates were filtered using a Buechner funnel and glass fiber filters and rinsed three times with deionised water. Filtrates were dried by rotary evaporation at 40 °C. For purification, samples were re-dissolved with 0.05-M HCl and transferred into cation exchange resin columns (Dowex 50 W, 200-400 mesh), which were washed five times with 5-mL 0.1-M oxalic acid followed by 5-mL 0.01-M HCl and 5-mL deionised water. For amino acid elution, 5 mL of 2-M ammonium hydroxide were rinsed in fivefold repetition and subsequently rinsed with 5-mL deionised water. The eluates were evaporated to dryness by rotary evaporation at 40 °C. Dried samples were transferred with 0.1-M HCl in centrifuge vials and centrifuged (4000 rpm for 20 min). The supernatants were transferred to 5-mL micro-reaction vessels and pH values of supernatants were adjusted with 0.1-M HCl to pH 2 before freeze-drying. The dried samples were esterified with 500-µL isopropanol and acetyl chloride [2.5:1 (vol./vol.)] for 30 min at 110 °C and then evaporated under a gentle stream of nitrogen. For acetylation, 130-µL dichloromethane and 130-µL pentafluoropropionic acid anhydride were added and heated at 110 °C for 10 min. After cooling, 100 µL of alpha-cholestane was added as second internal standard and evaporated again under nitrogen. Dried samples were re-dissolved with 150-µL dichloromethane and transferred into GC autosampler vials with glass inserts. Separation and quantification of individual amino acids were carried out with GC-FID (GC-2010, Shimadzu Ltd., Tokyo, Japan) using a HP5 column (30 m × 0.25 m × 0.25 µm). GC operating conditions were as follows: Temperature of injector was 250 °C and detector temperature was 330 °C. Helium was used as carrier gas at constant pressure with a column flow of 30 mL min −1 . Temperature was set at 120 °C for 1 min, increased at 10 °C min −1 to 230 °C. This temperature was held for 2 min, then again increased at a rate of 50 °C min −1 to 300 °C and then held for 8 min. 1 µL of sample was injected at a split ratio of 1:100.
Harvest index and nitrogen harvest index
The quantification of complex relationships is possible by the use of indices such as the harvest and nitrogen harvest index. The harvest index is defined as the ratio between grain (1) Total protein = Total nitrogen × 6.25 or seed biomass and total (aboveground) biomass (Eqs. 2 and 3).
The nitrogen harvest index (NHI) is an important indicator to measure retranslocation efficiency of absorbed nitrogen from vegetative plant parts to grains or seeds (Fageria 2014) . The nitrogen harvest index is very useful in measuring nitrogen partitioning in crop plants, which provides an indication of how efficiently the plant utilized acquired nitrogen for grain or seed production (Fageria and Baligar 2003) . The nitrogen harvest index is defined as the ratio between nitrogen uptake in winter rye grain or lupine seed and nitrogen uptake in total aboveground biomass, since nitrogen in roots has little influence on the efficiency of nitrogen partitioning (Fageria 2014 ) (Eq. 4).
Statistical analysis
Statistical analysis and graphical design were carried out using R 3.5.0 (R Core Team 2018). Prior test assumption of normally distributed data was examined using Shapiro-Wilk test. Because of mostly non-normal distributed data, Brown-Forsythe test was used to check the homoscedasticity within the groups. Residuals of each linear model were checked graphically for homoscedasticity and normal distribution to validate the model performance. Because of widespread heteroscedasticity and bad model performances, multiple pairwise comparisons using the nonparametric Mann-Whitney U test for independent data were performed to evaluate differences inbetween the four different fertilizer groups (Mineral fertilizer, digestate, fermented digestate, and compost). In all cases, level of significance was p < 0.05. To illustrate significant differences among different treatments, different lower-case letters were used. Interquartile range of boxplot whiskers is 1.5.
Results
Crop yields and harvest index of winter rye and lupine
Total winter rye biomass yields varied between 7 and 13 Mg ha −1 (grain 3-7 Mg ha −1 ), while lupine total biomass yields were significantly lower ranging between 
Nitrogen harvest index (NHI) = Nitrogen uptake winter rye grain (or lupine seed) Nitrogen uptake total winter rye (or lupine) biomass 0.6-1.6 Mg ha −1 (seed 0.4-0.9 Mg ha −1 ; Fig. 1 ). No significant biochar effect could be observed for winter rye and lupine total biomass yields with the exception of lupine seeds when treated with biochar 40 digestate (Fig. 1d) . Nevertheless, it could be observed that high biochar application rates (10 and 40 Mg ha −1 ) had a tendentially positive effect on winter rye and lupine yield (Fig. 1a-d) . For instance, total grain and seed biomass of winter rye and lupine increased up to 21 and 27%, respectively (Fig. 1b and d) .
The harvest index varies between crop species but is also influenced by variables such as water and nutrient availability, air temperature and soil properties. Table 3 contains the harvest index of winter rye and lupine. The data show that harvest index of winter rye is neither affected by agronomic fertilizer nor by biochar additions. Lupine harvest index, however, varies between agronomic fertilizers and increases at high biochar application rates (40 Mg biochar ha −1 ) but also for biochar 10 compost (Table 3) . Compost showed the highest increase of harvest index from 0.52 (pure compost) to 0.68 (Biochar 10 compost). The increase indicates a positive biochar effect on harvest index, which shows that biochar co-application increased the proportion of grain to biomass.
Nitrogen uptake and nitrogen harvest index of winter rye and lupine
Nitrogen uptake of winter rye varied between 7 and 28 kg ha −1 (rye straw) and 39-99 kg ha −1 (rye grain; Fig. 2a  and b) . Biochar significantly decreased nitrogen uptake into rye straw by up to 35% (mineral fertilizer) but increased nitrogen uptake up to 32% (digestate) when combined with organic fertilizers compared to the corresponding pure organic fertilizers (Fig. 2a) . Nitrogen uptake into rye grain was higher than into rye straw (Fig. 2b) . High biochar application rates (40 and 10 Mg ha −1 ) slightly increased nitrogen uptake into rye straw when combined with mineral fertilizer, fermented biogas digestate and compost and even significantly by 23% when fertilized with biochar 40 digestate (Fig. 2b) .
Nitrogen uptake into lupine straw and seed was much lower compared to rye straw and grain (Fig. 2a-d) . Nitrogen uptake into lupine straw showed a relatively large variation among different treatments (1-11 kg N ha −1 ) but no significant biochar effect (Fig. 2c) . Nitrogen uptake into lupine seeds varied between 18 and 42 kg N ha −1 (Fig. 2d ). Nitrogen uptake in lupine seeds increased in the presence of biochar with the exception of digestate (Fig. 2d) . Nitrogen uptake in lupine straw tends to decrease in the presence of biochar; whereas nitrogen uptake of lupine seeds tends to increase up to 25% (Fig. 2d) .
Nitrogen harvest index for winter rye and lupine varied between 0.74 and 0.83 for all treatments (Table 3 ). For winter rye, organic fertilizers exhibited slightly higher nitrogen harvest index compared to mineral fertilizer (Table 3) . Biochar increased nitrogen harvest index when combined with mineral fertilizer and biogas digestate, and slightly decreased nitrogen harvest index when combined with fermented biogas digestate and compost (Table 3) . Variation of nitrogen harvest index for lupine was also very low (0.76-0.80) and no influence of fertilizer and/or biochar could be detected apart from the fact that biochar slightly decreased nitrogen harvest index when combined with compost (Table 3) .
Crude protein content of rye grain and lupine seed
Crude protein content of rye grain and lupine seed varied between 67 and 93 g kg −1 and 246-297 g kg −1 , respectively (Table 3) . Crude protein content in rye grain was higher upon mineral fertilization compared to organic fertilization (Table 3) . Biochar showed no significant effect on crude protein contents when compared to corresponding agricultural fertilizers without biochar (Table 3) .
As expected, crude protein content of lupine seed is higher compared to winter rye grain (Table 3) . Apart from digestate, protein content of lupine seed was in the range of 250 g kg −1 for pure agricultural fertilizers (Table 3) . Biochar slightly increased protein content of lupine seed when combined with mineral fertilizer and decreased protein content of lupine seed when combined with biogas digestate. The combination of fermented digestate or compost with biochar revealed no effect (Table 3) .
Individual amino acids
Winter rye
Only six out of eight essential amino acids could be determined, lacking phenylalanine and histidine due to methodological constraints. Essential amino acid concentrations generally decreased in the order ters indicate significant differences (n = 5; p < 0.05). Subscript numbers indicate the fertilizer group affiliation. Numbers indicate relative median changes of biochar treatments compared to their corresponding pure fertilizer without biochar leucine ≈ lysine > threonine ≈ valine > isoleucine > methionine (Fig. 3) . Median of lysine, methionine, threonine, valine, leucine, and isoleucine concentrations varied between 3.1 and 7.6 g kg −1 , 0.6-1.7 g kg −1 , 1.9-5.0 g kg −1 , 2.1-3.3 g kg −1 , 3.3-8.7 g kg −1 , and 1.0-2.4 g kg −1 , respectively (Fig. 3) . With a few exceptions, no significant differences between different treatments could be detected (Fig. 3) . However, essential and non-essential amino acid concentrations tend to increase when high application rates of biochar (10 and 40 Mg ha −1 ) combined with organic fertilizers. Amino acid concentrations of the mineral fertilizer group decreased for threonine, glutamic acid, proline, ornithine, isoleucine and aspartic acid significantly (Fig. 3) .
Lupine
Essential amino acid concentrations generally decreased in the order lysine > leucine ≈ serine > threonine > isoleucine ≈ proline > methionine (Fig. 4) . Median of lysine, leucine, serine, threonine, isoleucine, proline and methionine varied between 18.6 and 16.2 g kg −1 , 16.1-20.1 g kg −1 , 14.1-18.1 g kg −1 , 10.7-12.2 g kg −1 , 8.5-11.5 g kg −1 , 9.4-11.7 g kg −1 and 1.3-1.6 g kg −1 , respectively (Fig. 4) . In contrast to rye, essential and non-essential amino acid concentration in lupine seeds decreased and in a few cases even significant in the presence of biochar (Fig. 4) . Furthermore, distribution of amino acid concentrations in lupine seeds is smaller compared to winter rye amino acids, where box plots show high data distribution (Fig. 4) .
Total amino acid content referred to total nitrogen content of winter rye and lupine
In winter rye grain, total amino acid content referred to total nitrogen content was considerably lower (albeit not significant) in the presence of biochar for all fertilizer combinations, when compared to their corresponding pure fertilizer without biochar (Fig. 5a ). Biochar 2 mineral fertilizer showed the highest decrease (− 47%); whereas biochar 40 mineral fertilizer, biochar 2 digestate and biochar 10 compost decreased by − 20 or − 17%, respectively (Fig. 5a ). Total amino acid content referred to total nitrogen content of plots treated with biochar 40 digestate and biochar 40 fermented digestate were more or less equal. Total amino acid content (referred to total nitrogen contents) of lupine seeds showed a different pattern. In contrast to winter rye grains, the groups mineral fertilizer and compost showed more or less equal amino acid content in the presence of biochar, compared to their corresponding pure fertilizer (Fig. 5b) . Total amino acid content of biochar 3 digestate and biochar 40 digestate significantly increased by 31 and 36%, respectively; whereas biochar 40 fermented digestate decreased by − 20% (Fig. 5b) .
Discussion
Biochar effects on winter rye and lupine yields
High biochar application amounts (40 Mg ha −1 ) tend to increase, albeit not significantly, winter rye or lupine yield (Fig. 1a-d) . The average grain or seed yield of winter rye and lupine in Saxony-Anhalt in 2013 was 5.5 Mg ha −1 and 1.9 Mg ha −1 , respectively, in the corresponding year (Federal Statistical Office Saxony-Anhalt). In this study, none of the crops exceeded the mean value of the State of SaxonyAnhalt, neither with nor without biochar (Table 3) . Mean grain yield of agricultural fertilizers (mineral, digestate and fermented digestate fertilizer) was 16, 21 and 25% lower than the German arithmetic mean yield in 2013, respectively (Table 3) . Only grain yield of winter rye showed similar results when fertilized with compost and biochar ten compost (Table 3) . However, crop losses of winter rye grain were much lower when high amounts (40 Mg ha −1 ) of biochar had been used. For instance, winter rye plots fertilized with pure fermented digestate yielded − 25% of the annual average, whereas biochar 40 fermented digestate was only − 9% below the annual average. Mineral fertilizer and digestate show similar results (Table 3) .
The difference is becoming smaller for biochar-containing fertilizers but was still lower than the average yield in 2013. Winter rye grain yield differences between biochar-containing compost and pure compost are negligible but both are slightly higher than the average yield in 2013 (Fig. 1, Table 3 ). In contrast, crop losses of lupine were very high for the fertilizers with and without biochar which is not explained by the above-average warm and dry summer in SaxonyAnhalt in 2014. It seems that other parameters may have a highly negative effect on lupine crops, such as cultivar or cropping system. For instance, Böhm et al. (2008) conducted two field experiments on sandy loam at two different sites in Northern Germany, one organically and one conventionally managed. The conventional site was irrigated during the growing season of lupine. Böhm et al. (2008) reported average yields of 2.95 Mg ha −1 under organic farming and yields of 2.00 Mg ha −1 under conventional farming. In our study, no artificial irrigation was performed during the growing season of narrow-leafed lupine. However, we could show that biochar application increased total lupine biomass up to 15% and seed yield up to 27% with the exception of the treatment biochar 3 mineral fertilizer, which showed decreased seed biomass of 9% (Fig. 1d) . Narrow-leafed lupine has a Fig. 3 Contents of single amino acids of hybrid winter rye grain in g per kg sample (dry matter). Different lower-case letters indicate significant differences (n = 3-5; p < 0.05). Subscript numbers indicate the fertilizer group affiliation. Numbers indicate relative median changes of biochar treatments compared to their corresponding pure fertilizer without biochar high level of water demand, especially during germination and flowering. The higher yields in biochar-treated soils suggest a higher water holding capacity (WHC) and higher amounts of plant-available water in the sandy Cambisol. In the first year of this field trial, our investigations showed that WHC increased up to 23% after biochar application .
In summary, the presence of biochar tendentially increased, with a few exceptions, crop yield of winter rye and lupine (Fig. 1a-d) . However, winter rye and lupine did not obtain the annual average of yields in Saxony-Anhalt neither with nor without biochar. The generally poor yields within this field experiment are highly probably due to the combination of different facts. Firstly, no irrigation was performed during the growing season of winter rye and lupine in 2013 and 2014, respectively. Secondly, the conversion from conventional to organic farming increased weed 
Biochar effect on nitrogen uptake of winter rye and lupine
Reasons for the significant decrease of nitrogen uptake in winter rye straw within the mineral fertilizer group, even at low amounts of biochar and the contrasting increasing trends for nitrogen uptake within the other fertilizer groups cannot be clarified within this field experiment. The effect of decreasing nitrogen uptake within the mineral fertilizer group in the presence of biochar could not be observed for maize in the first year of the field experiment Glaser et al. (2015) . Interestingly, maize nitrogen uptake of biochar co-applied with fermented digestate (40 Mg ha −1 ) was significantly decreased which is in contrast to the significantly increased uptake in rye straw. Plant-available nitrogen during winter rye growing season seems to be lower for the digestate, fermented digestate and compost treatments reflected in reduced nitrogen uptake. However, it should be noted that, albeit not significant, high biochar application rates increased the average nitrogen uptake in three fertilizer groups, which could be probably explained by increased cation exchange capacity as shown by Glaser et al. (2015) or due to a higher mineralization rate through an increased microbial activity favored by the high porosity of biochar (Thies and Rillig 2009; Lehmann et al. 2011; Polifka et al. 2018) .
Due to its biological nitrogen fixation (BNF) properties, lupine holds a special position within this field experiment and the results are difficult to compare with maize and winter rye grown in two previous years of this experiment. Insignificant and wide data variation within all fertilizer groups underlines the controversial results of lupine nitrogen uptake in the presence of biochar. For instance, Rondon et al. (2007) demonstrated that biochar can improve BNF in legumes, e.g., due to (i) immobilization of mineral nitrogen through increased C:N ratio stimulating BNF; (ii) improved phosphorus availability which correlates with increased BNF; (iii) increased pH which increases nutrient availability and, thus, increased BNF (Rondon et al. 2007; Jeffery et al. 2011) . Lehmann et al. (2003) reported a significant decrease by 55% for the nitrogen foliar content in cowpea when biochar was added to manure. Although not significant, nitrogen uptake in lupine straw tended to decrease up to 30% at high biochar application rates confirming the results by Lehmann et al. (2003) .
The crude protein content is strongly influenced by the nitrogen nutrition and increases with higher nitrogen levels (Marschner 2011) . As one of the main constituents of lupine seeds, crude protein contents are used for estimating the feed quality. In this study, lupine seeds have a crude protein content of average 26% (Table 3) , which is slightly lower (up to 10%) than in other studies (King et al. 2000; Losand et al. 2003; Sauvant et al. 2004; Deutsche LandwirtschaftsGemeinschaft 2014) . For instance, Jezierny et al. (2011) mentioned a crude protein content of 35.9% for the lupine varieties. Boregine and Sujak et al. (2006) showed that crude protein contents ranged between 29.5 and 35.6% for different lupine varieties.
Summarized, nitrogen content was generally higher in winter rye straw and grain compared to lupine straw and seed. High application amounts of biochar (10 and 40 Mg ha −1 ) increased nitrogen uptake in winter rye straw and grain, and also in lupine seed (Fig. 2a-d) . These results are in conformity with a meta-analysis of Liu et al. (2018) , which shows a positive response of plant nitrogen uptake and crop productivity up to a biochar application rate of 80 Mg ha −1 . b a Fig. 5 Total amino acid (AA) contents referred to total nitrogen (N total ) of a hybrid winter rye and b narrow-leafed lupine seed. Different lower-case letters indicate significant differences (n = 5; p < 0.05).
Subscript numbers indicate the fertilizer group affiliation. Numbers indicate relative median changes of biochar treatments compared to their corresponding pure fertilizer without biochar 1 3
Biochar effect on amino acids of winter rye and lupine
Amino acids are on the one hand important markers for the nutritional quality of crop plants and on the other hand some amino acids are accumulated while plants are exposed to environmental stress. Therefore, the following discussion about amino acids determined in this study will focus on crop quality and indicators for possible soil environmental stress induced due to the presence of biochar.
Amino acids as marker for crop quality
Besides the challenge of high crop yields, crop quality is a further significant challenge in view of a growing world population. Especially in developing countries where highest population growing rates are reflected, plants account the majority of peoples food (Wang et al. 2017) . Furthermore, lupine is an alternative to wheat for health-conscious people and an ideal alternative in stock farming to soy. Due to the fact that charcoal addition to soil used for food production is still maintained in many developing countries and biochar seems to be a more realistic application (from an economical point of view) than in industrial countries Schmidt et al. 2015; Solomon et al. 2016; Cornelissen et al. 2016) , high amino acid contents in crops like cereals and legumes are important to fight malnutrition. In this study, the presence of biochar seems to have negative effects on total amino acid content in winter rye grain. Most negative effects were shown for mineral fertilizer when combined with 2 Mg biochar ha −1 followed by compost co-applied with 10 Mg biochar ha −1 and digestate mixed with 2 Mg biochar ha −1 (Fig. 5) . Total amino acid content in lupine seeds seem to be unaffected when treated with mineral fertilizer and compost; whereas, the addition of 40 Mg biochar ha −1 to fermented digestate decreased amino acid content by 20%. A significant increase by 31% and 36% of amino acids in lupine seeds was detected for digestate, which was co-applied with 3 Mg biochar ha −1 and 40 Mg biochar ha −1 (Fig. 5b) . Essential amino acids such as lysine, methionine, threonine, phenylalanine, tryptophan, valine, isoleucine, leucine, and histidine cannot be synthesized by humans and animals and must be obtained from external sources (Wang et al. 2017) . In cereals, lysine and tryptophan are the most limiting amino acids; whereas methionine is present in low quantities in legume crops (Ufaz and Galili 2008) . According to the food table for the practice published by the German Research Centre for Food Chemistry, average lysine content of rye grain is 4 g kg −1 . With the exception of 2 Mg biochar ha −1 added to mineral fertilizer, medians of lysine content are higher in biochar-treated soil (Fig. 3) . Lysine and methionine content of 16.1 g kg −1 and 2.1 g kg −1 , respectively, are recommended when lupine seeds are used as animal feed (Jezierny et al. 2011) . For lysine, fertilizers with and without biochar reached the recommended value whereby the addition of biochar decreased the lysine content compared to its control without biochar (Fig. 4) . Methionine content in lupine seeds are below the recommended value of 2.1 g kg −1 whereby the addition of biochar decreased the contents in most cases up to 20% (Fig. 4) . However, compared to Sauvant et al. (2004) , tyrosine, aspartic acid, glutamic acid, glycine, serine, isoleucine, valine, leucine, alanine and proline show more or less equal contents.
In summary, biochar co-applied with different organic or as mineral fertilizers mostly does not significantly affect the content of single amino acids of winter rye and narrowleafed lupine. Primarily high amounts of biochar, which were co-applied with organic fertilizers, seem to stimulate the formation of amino acids in winter rye. However, these patterns are not consistent, due to a high data variability. For instance, amino acid contents of narrow-leafed lupine showed contrary results compared to winter rye. Additionally, biological nitrogen fixation (BNF) properties of lupine ensure a stabilized nitrogen supply, which causes only slight differences in single amino acid contents after biochar treatment.
Amino acids as markers for plant stress
Biochar addition to soil inevitably causes changes in physicochemical soil properties as shown in several studies (Steiner et al. 2007; Joseph et al. 2010; Glaser et al. 2015) . These changes may have a positive or in some cases negative effects on plant growth and consequently on biomass production as reviewed for instance in a meta-analysis by Jeffery et al. (2011) . It is well known that amino acids play an important role in plant responses to biotic and abiotic stress. The role of proline is, compared to other amino acids, relatively well examined, and the large body of data suggests that proline acts as an excellent osmolyte, metal chelator, antioxidative defense molecule and signaling molecule (Hayat et al. 2012) . In other words, the accumulation of proline is positively correlated with plant stress (Hare and Cress 1997) . In this study, proline data of winter rye show a high variability for the entire fertilizers used in this experiment, which is in contrast to lupine seeds, where proline content is more or less on an equal level (Figs. 3 and 4) . In comparison, biochar addition to mineral fertilizer reduced proline content in winter rye grain significantly by up to 49%, which indicates that winter rye plants grown on soil treated with pure mineral fertilizer were exposed to stress. Albeit not significant, proline content of winter rye grain treated with 40 Mg biochar ha −1 mixed with digestate and compost coapplied with 10 Mg biochar ha −1 co-applied increased by more than 40% (Fig. 3) .
The accumulation of proline has also been observed when plants were exposed to heavy metals (Alia and Saradhi 1991) . In a recent study by Younis (Younis et al. 2015) , spinach (Spinacia oleracea) and fenugreek (Trigonella corniculata) was grown in a Cd-and Ni-contaminated soil treated with 0, 3 and 5% biochar. The authors observed an increase of total amino acid content in the spinach (Spinacia oleracea) and fenugreek (Trigonella corniculata) plants in the presence of biochar. However, amino acids were just estimated according to the method of Hamilton et al. (1943) which does not allow observation of single amino acids such as proline.
Beside nitrogen, elements such as copper, manganese and iron are important for photosynthesis processes, which in turn play a key role for carbon network supply essential for amino acid synthesis (Marschner 2011) . Increased nitrogen contents or potassium, sulfur or severe phosphorous deficiency decrease amino acids as shown by a fertilization study from Eppendorfer and Eggum (1996) with leek. Only glutamic acid and arginine in leek were increased by increasing nitrogen content (Eppendorfer and Eggum 1996) . The negative effects from increasing nitrogen content on amino acids contents have also been found in ryegrass, spinach and kale (Eppendorfer 1977 (Eppendorfer , 1978 . In this study, variability of amino acids in winter rye grain (Figs. 3 and 5a) within the fertilizer groups is larger than within lupine seeds. Due to the minor scattering of the amino acids in lupine seeds in the presence of biochar compared to the pure fertilizer (Fig. 4) , it seems that lupine is more robust to soil environmental change trough biochar addition than winter rye. We cannot clarify within this study whether a surplus or a lack of certain soil nutrients are responsible for the tendentially decreasing amino acids in winter rye grain. Therefore, further work needs to be performed to clarify a relation between amino acid concentration and elements important for amino acids synthesis in biochar-treated soils.
Conclusion
Biochar increased, with few exceptions, biomass yield of winter rye and narrow-leafed lupine. However, average annual yield in Germany was not exceeded neither from winter rye nor from lupine. To answer the question whether biochar affects food/fodder quality taking N and amino acid content in winter rye grains and lupine seeds as indicator, our study revealed no consistent pattern, rather an individual impact on N uptake and single amino acids. Proline accumulation tends to increase in winter rye grain in the presence of high amounts of biochar when combined with organic fertilizers. This study has shown that amino acid content of basic fertilizers show high variances among each other and biochar application increased or decreased the effects inconsistently. Therefore, more research is needed dealing with the neglected and poorly understood topic of biochar impact on amino acid synthesis, and hence on food quality.
